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Abstract: One of the most important advantages of using modeling and simulation software in design and control
engineering is the ability to predict system behavior within specified conditions. This paper presents a novel error
vector-based control algorithm that aims to reduce torque ripples predicting flux and torque errors in a conventional
vector-controlled induction motor. For this purpose, a new control model has been developed that envisages flux change
by applying probabilistic space vectors’ torque and flux control. In the proposed predictive control algorithm, flux and
torque errors are calculated for each candidate voltage vector. Thus, the optimal output voltage vector that minimizes
the error is determined for the next sampling time. A MATLAB/Simulink model of the proposed control algorithm
was formed and experimental studies were conducted to test the applicability and effectiveness of the proposed method
using a dSpace 1104 controller board. The results obtained by comparing the effects of the conventional torque control
and the proposed predictive direct torque control methods on the motor performance are presented under various speed
and loading conditions. The experimental results prove that the proposed algorithm reduced the torque ripples of the
motor remarkably when compared to the conventional torque control. The proposed method stands out with its simple
structure due to simplified cost function with the flux model prediction approach and easy applicability with satisfactory
results.
Key words: Variable speed drive, predictive control, induction motor, machine vector control, direct torque control

1. Introduction
The well-known advantages of induction motors (IMs), such as maintenance-free construction, cost-effectiveness,
and high power/weight ratios, have made them the most preferred motors for industrial applications [1]. IMs,
which have been preferred for constant-speed applications in the past due to the complexity of their speed
controls, are now being widely used in variable-speed motor applications, owing to cheaper and widespread use
of drive systems implemented with semiconductor switches. Field-oriented-control (FOC) and direct-torquecontrol (DTC) methods, developed at the beginning of the 1980s, became popular in short-term and industrial
use and rapidly proliferated in parallel with the development of semiconductor and processor technologies [2, 3].
The DTC method has come to the forefront due to its advantages, including a simple control algorithm, fast
dynamic torque response, and resilience against motor parameters changes. Although the DTC was originally
proposed for IMs, it has been successfully used with many different motor and generator types such as permanent
magnet motors and generators [4–6].
Like every control method, DTC also suffers some disadvantages. Among the most well-known and
studied are high torque ripples, which have been observed in the motor [7]. To overcome this, a variety of
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different control approaches, such as artificial intelligence, different inverter topologies, and different control
models, have been proposed [8–10].
A new approach that has recently gained popularity is model-based predictive control (MBPC). Here, the
predictability of the systems has been ensured by mathematically based simulation models. Thus, it is possible
to predict system reactions to different parameter changes and make the necessary optimizations before the
system is realized. Without a doubt, the success of predictions will increase if the system is modeled as closely
to reality as possible.
The main advantages of the MBPC approach are its intuitive control structure, simple applicability,
and ability to cope with the constraints of system states. Moreover, it does not require a vector modulation
strategy [11]. However, there are significant disadvantages faced in the MBPC system as in every control
system. Creating a suitable model of the system, the need for longer calculation time, increases in parameter
dependence, determining the most suitable cost factor, and increasing control complexity are the prominent
ones [12]. For DTC-based motor control, various studies recommend a predictive approach. The work in [13]
proposed a fuzzy-logic predictive-control approach in DTC, using the voltage model to reduce torque ripples
and increase the motor’s low-speed performance. In [14], the authors proposed an approach that generates
voltage-reference values for the next step of the control algorithm using predictive control. Based on the spacevector modulation method, the authors of [15] proposed a predictive approach that determines the angle and
amplitude of a reference vector to minimize error values.
As well as different prediction methods, different approaches have also been studied to determine the
most effective cost function. A reactive power control-based predictive torque control method was proposed in
[16]. A torque ripples-based method for online calculation of the appropriate weighting factor in each control
interval was studied in [17]. The proposed strategy in [18] replaces the single cost function with a multiobjective
optimization based on a ranking approach to make the tuning of weighting factors unnecessary.
In this study, a new control structure was developed to predict the effects of different switching states
upon the flux and torque error and to determine the optimum switching output that will produce the least
error. In this algorithm, the stationary reference-flux model of the IMs was used. The change expected to occur
in the flux at the next sampling time can be determined for each switching state.
The proposed control structure was developed with the usage of the basic approach of minimizing the
error vector, consisting of flux and moment components, by known voltage vectors and a two-phase reduced
IM flux model. In this regard, the basic advantage of the DTC method, a simple control structure feature, was
protected. In addition, a model-based error estimation unit was developed that eliminates hysteresis controllers
and switch selection processes, which are used in conventional DTC (C-DTC). Compared with similar studies,
the proposed model based-predictive torque control (MB-PTC) stands out with its simple structure due to a
simplified cost function with a flux model prediction approach and easy applicability with satisfactory results.
Torque and flux error vectors, which already need to be calculated by the control system, are used as weighting
factors in the cost function. Thus, the need for a different cost function and weighting factor calculation has
been eliminated. The MB-PTC system still has a relatively simple structure due to the lack of complex control
algorithms such as fuzzy logic or neural networks. Instead of creating new vectors by computing the components
of state vectors as output parameters, MB-PTC uses conventional state vectors directly.
The MB-PTC, modeled using MATLAB/Simulink software, was applied to a real-time control system
with the dSpace 1104 controller board. Comparative results obtained from the C-DTC and the MB-PTC tests
with different operating scenarios under the same reference conditions are presented. An overview of the C-DTC
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Korkmaz/Turk J Elec Eng & Comp Sci

method is presented in Section 2. In Section 3, we present the basics of the MB-PTC. Detailed information
concerning the real-time application cycle is shown and speed, torque, current, and voltages curves obtained
from the real-time application are presented in Section 4.
2. Conventional direct torque control
The C-DTC is considered to be one of the most important methods in the high-performance control of AC
machines because of its simple structure, fast torque response, and low parameter dependency [19]. The basis
of the C-DTC is the orientation of the stator flux vector with the selection of appropriate inverter switching
states. The 3-phase measured motor parameters are transformed to 2 phases by Clarke transformation and the
calculations are carried out using these parameters for the estimation of flux and moment. Flux and torque
errors are converted to error signals by hysteresis comparators. In the C-DTC, it is sufficient to know the
regional position of the stator flux sector, instead of the exact angular position. Once the error signals and the
flux vector region are determined, the optimal switching signal is obtained using the look-up table. This control
structure block diagram and mathematical operations are given in Figure 1 [20].

Figure 1. Block diagram of C-DTC.

3. Model-based predictive torque control
The success of the MBPC directly depends on how well mathematical modeling of the system to be controlled
is achieved. Simplified and efficient modeling of IM, which has a rather complex and nonlinear structure, can
be realized using reference-frame theory. In this theory, the 3-phase components of the motor are carried onto
the 2-phase frame. The necessary control parameters are obtained by mathematical operations performed on
this new frame, which is assumed to be rotated with angular velocity ω . These parameters are converted into
3-phase components by inverse transformation. The reference frame named based on the value of the angular
velocity, ω , is called the stationary reference frame for ω = 0 , the synchronous reference frame for ω = ωs , and
the arbitrary reference frame for the arbitrary value of ω [21].
The Krause model [22] achieved 3-phase-to-2-phase conversion for an arbitrary reference frame. However,
in the C-DTC method, control is performed on the stationary reference frame. In this study, the Krause model
is modified and applied to the stationary reference frame. The voltage equations for the equivalent circuits,
given in Figure 2, can be written as:
vsα = Rs isα + pλsα

(1)
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vsβ = Rs isβ + pλsβ

(2)

vrα = Rr irα − ωr λrβ + pλrα

(3)

vrβ = Rr irβ + ωr λrα + pλrβ

(4)

Here, p is the d/dt differential operator. A 1-phase equivalent circuit of the induction motor in the stationary
reference frame is shown in Figure 2.

Figure 2. Single-phase equivalent circuit in the stationary reference frame.

When currents are written in the form of the inductances in 1–4, flux derivations can be written as:
[
]
dλsα
Rs Lmα
Lmα
= vsα +
λrα + (
− 1)λsα
dt
Lls Llr
Lls
[
]
dλsβ
Rs Lmβ
Lmβ
= vsβ +
λrβ + (
− 1)λsβ
dt
Lls Llr
Lls
[
]
dλrα
Rr Lmα
Lmα
= ωr λrβ +
λsα + (
− 1)λrα
dt
Llr Lls
Llr
[
]
dλrβ
Rr Lmβ
Lmβ
= ωr λrα +
λsβ + (
− 1)λrβ
dt
Llr Lls
Llr

(5)

(6)

(7)

(8)

The calculation of the change in flux for the selected input voltage is shown in Figure 3, and the expression
of 8 in Simulink blocks is shown in Figure 4. The aim of the MB-PTC approach in the DTC method is to
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Figure 3. Prediction of change in flux using Simulink blocks.

Figure 4. Detailed diagram of the flux subsystem.

predict flux and torque errors for the next sampling period, such that the switching state can be selected to
minimize them.
The Simulink models created using the 5–8 given above are shown in Figure 3 and Figure 4.
Using the flux model, the flux and current predictions for the next sampling time can be found as:
λαβ (k + 1) = λαβ (k) + pλαβ (k + 1)

iαβ (k + 1) =

vαβ (k + 1) − pλαβ (k + 1)
Rs

[
]
3
Te (k + 1) = P λα (k + 1)iβ (k + 1) − λβ (k + 1)iα (k + 1)
2

(9)

(10)

(11)

The flowchart of the MB-PTC algorithm is given in Figure 5. The main criterion in the process of
determining the next switching state is to identify the error vector. The MB-PTC estimates the error vector
for possible space vectors using the flux model and the flux-torque model. The switching state that provides
the minimum error vector is applied to the system as the next sample switching state and the control process
is returned to the beginning.
3.1. Cost function
The selection of the appropriate cost function (CF) and weight factors has a key role in the performance of the
predictive control. On the other hand, the CF to be determined is expected to be compatible with the system
behaviors and not to increase the system computational burden.
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Figure 5. The flowchart of the MB-PTC algorithm.

Since the DTC is a method for direct control of flux and torque, it is very convenient to determine the
CF according to torque and flux. In addition, since the aim of the control structure is to minimize the flux
and moment error (at the same time), the weight factors to be determined should have equal effect on the CF.
The control process in the DTC is based on the flux and torque values. Thus, the CF should consider these in
determining the minimum error and selecting the optimal switch. To achieve this, a new vector-error approach
with flux and torque error is used in the MB-PTC such that the flux and torque components are perpendicular
to each other in DTC, meaning that these parameters are perpendicular to each other on a vector basis. Thus,
a single error vector can be identified that represents the system error as a result and the use of the amplitude
of this vector as CF provides a simple and effective solution for this system. As a result, for high values of the
CF, it is understood that one or both of the flux and torque errors are high and not suitable for next switching
period.
The vector component of the flux and torque error is defined as the “error vector” and the switching
condition that minimizes this vector is sought. The error vector can be calculated as:
√
e=

ef lux 2 + etorque 2

(12)

As seen in Figure 6, the prediction process is relatively simple due to the simplicity of the DTC algorithm.
The prediction parameter is the possible voltage vector of the inverter and it is limited to 8 (0,...,7) possible
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values. The prediction algorithm calculates possible values in flux and thus the flux and torque errors. Then
the control loop ends with the selection of the voltage vector that provides the minimum error output.

Figure 6. Block diagram of the MB-PTC.

4. Experimental studies
A 1.5-kW 3-phase induction motor and 0–20-Nm voltage-adjustable magnetic-brake system are used as a motorload group. The motor and the brake are connected by a dynamic torque sensor that enables measurement of
the produced torque. Motor currents and voltages are measured by LA-25P (current) and LV-25P (voltage)
transducers. Measurement resistance is 180 ohm for both transducers and conversation constants are 134 for
LA-25p and 540 for LV-25p.
The inverter includes three dual-IGBT modules, a dead-time generator card, and an IGBT-driver card
section that may be divided by subheadings. Motor and control system parameters are given in Table 1.
Table 1. Motor and control system parameters.

Parameters
Number of pole pairs
Rated power
Rated speed
Rated current
Stator resistance
Rotor resistance
Stator inductance
Rotor inductance
Mutual inductance
Flux amplitude reference
DC bus voltage
Sampling time

Value
2
1.5 kW
1420 rpm
3.5 A
5.2 Ω
3.8 Ω
0.337 H
0.337 H
0.315 H
0.85 Wb
400 V
50 µs

Experimental studies are conducted to reveal the proposed method’s effect on the motor performance.
An overview of the experimental setup is shown in Figure 7.
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Figure 7. Overview of the experimental setup.

IMs are used for many different applications requiring fixed speed, variable speed, constant load, or
variable load. With the aim of making comparisons for all possible conditions, we applied two different operating
scenarios, namely constant speed–variable load (CSVL) and variable speed–constant load (VSCL).
In the first, the CSVL application, the motor was operated at 1500 rpm under different load conditions.
In this scenario, the motor was loaded at 3 Nm for 3 s at the startup, 10 Nm for the next 4 s, and 5 Nm for the
last 3 s.
The speed, torque, current, and voltage curves obtained in the CSVL application are shown in Figure
8–Figure 11.

Figure 8. Speed responses of the CSVL application.

When the speed results of the CSVL operation given in Figure 8 are examined, it can be seen that the
motor gives a similar performance with respect to the reference-value-reaching times in each case.
In both cases, the motor reached the reference-speed value in about 60 ms and succeeded in following.
However, the torque graphs given in Figure 9 show the main difference between the two cases. For a reference
532
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Figure 9. Torque responses of the CSVL application.

Figure 10. Currents of the CSVL application.

torque value of 10 Nm, the torque ripples at the motors are about ±7 Nm in the C-DTC, whereas they decrease
to ±4 Nm in the MB-PTC. This shows a reduction of about 40% in torque ripples.
When the motor current and voltage curves given in Figure 10 and Figure 11 are evaluated, although the
shapes appear close to each other, it can be seen that the current fluctuations are reduced with the MB-PTC
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Figure 11. Voltages of the CSVL application.

method. The peak of the current waveform is about 4 amps.
In the second step, the motor was tested under VSCL. The motor started at 750 rpm under a load of 5
Nm, after which the speed was changed to 1500 rpm at the third second, and then the speed was changed to
500 rpm for the next 3 s. The speed and torque curves obtained in the VSCL application are shown in Figure
12–Figure 15. Based on the motor performance results, which were tested under two different speed values
under constant loading, the motor reaches the same reference speed value in both cases and similarly shows the
same response in speed change. When the torque changes are examined, the decrease in torque ripples is found
to continue under VSCL conditions. At a speed of 750 rpm, the motor-torque ripples monitored by the C-DTC
method are on the order of ±4 Nm, while the momentary ripples in the predictive method are reduced to ±2
Nm. It can be seen that the MB-PTC reduces the torque ripples by 50%.
When the motor current and voltage curves given in Figure 14 and Figure 15 are evaluated, the oscillations
in the current waveforms are more evident due to the motor load for the shown time interval. The current
waveform reflects the moment of step-up on the motor speed. It is clear that the current oscillations decrease
in parallel to torque ripples.
In evaluating the overall extent of the experimental work on the proposed method, it can be said that the
method is successful at a satisfactory level. The success of prediction-based approaches is proportional to that
of the prediction-system model. Thus, the obtained experimental results show that the developed flux-variation
predictive model is suitable and that the proposed approach can be successfully integrated with C-DTC.
Another important parameter used to compare system performance is inverter switching frequency. Values
of the average inverter switching frequency change for both operating conditions are given in Figure 16.
The switching frequency of the MB-PTC increases about 10% in CSVL operating conditions. In VSCL
conditions the switching frequency of the MB-PTC was about 30% higher than the C-DTC. It can be seen that
the changes in the switching frequency are inversely proportional to the speed of the motor. Considering the
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Figure 12. Speed responses of the VSCL application.

Figure 13. Torque responses of the VSCL application.

reduction in torque ripples, an increase in the switching frequency is expected.
Another important point to note here is that sampling time should be determined for both methods.
Sampling time is a basic criterion for real-time applications. When the C-DTC sampling time is set to 20 µ s,
the dSpace card successfully performed. However, the control cycle containing the proposed method cannot be
compiled for the same sampling time, and a processor-capacity-overrun error is encountered.
As a result of our experiments, which were made by increasing the sampling time, the compilation
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Figure 14. Currents of the VSCL application.

Figure 15. Voltages of the VSCL application.

process was successful at 36 µ s. This may be because the MB-PTC requires high processor power as it contains
complex differential calculations. However, thanks to ever-evolving CPU capacity and speed, it is evident that
these problems can be overcome in the coming years. Thus, both control methods were performed with a
sampling time of 50 µ s to allow a healthy and fair comparison.
Accordingly, the main advantage of the MB-PTC is to reduce the high torque ripples. The system’s
536
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Figure 16. Inverter switching frequencies of CSVL and VSCL, respectively.

dynamic response and complexity levels were almost the same as those of the C-DTC. As a result of the
repetition of the same calculations for different vectors by the prediction process of the system, computational
burden was found to be 2 times higher than in the conventional system. On the other hand, the switching
frequency is about 10%–30% more than in the conventional system. Table 2 presents a comparison table of the
two systems in terms of the basic physical properties of a high-performance control system.
Table 2. Comparison of the two systems’ properties.

Torque ripple
Dynamic response
Switching frequency
Computational burden
Complexity of system
Applicability
Robustness against parameter change

C-DTC
High
Fast
Moderate
Low
Low
Easy
Strong

MB-PTC
Low
Fast
Moderate
Moderate
Low
Easy
Moderate

Considering that the fundamental problem in the DTC is high torque ripples, it is seen that the proposed
system is a good alternative to solve this problem. It can be applied not only for induction motors but also for
different motor types such as permanent magnet motors or double fed generators. Due to the increasing speed
and diversity in microprocessor technologies, it is expected that the performances of the predictive systems will
develop further.
We realize that the present study could further be improved by including stability analysis based on
pole/zero maps, Bode diagrams, and transfer functions. However, the present scope is limited to performance
improvement of the induction motor. Besides, such stability analysis is usually carried out separately, requiring
comprehensive treatment of the subject as also pointed out in several sources in the literature [23, 24]. Hence,
we aim to extend our studies toward the stability analysis of the DTC system in the future, where we wish to
investigate this topic more in detail.
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5. Conclusions
A new era in high-performance control of induction motors has started with DTC, which stands out due to its
simple structure, fast dynamic response, and easy applicability. However, the main disadvantage of this method
is large torque ripples. In this study, a new predictive approach is presented to reduce ripples. This approach,
based on the induction motor’s steady-state flux model, has been developed for the torque-flux algorithm using
stationary-axis set equations. To implement the methodology, the control data and 8 possible switching vectors
are tested on the model. To determine the vector yielding minimum error output, the flux and torque errors for
the next step are calculated. The flux-model predictive algorithm developed in the study and the conventional
and proposed model-based predictive torque control algorithms are experimentally realized and comparative
results are presented in detail. Using the proposed predictive method, induction motor torque ripples are
reduced by about 40% under constant speed-variable load and about 50% under variable speed-constant load
conditions. However, it can be seen that the proposed predictive method brings about a processor load 2–-3
times higher than that of the conventional method due to complex mathematical calculations. It is believed that
this load can be eliminated using high-powered processors or approaches that can model complex mathematical
operations, such as artificial neural networks.
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